Antibodies have traditionally been used for isolating affinity reagents to new molecular targets, but alternative protein scaffolds are increasingly being used for the directed evolution of proteins with novel molecular recognition properties. We have designed a combinatorial library based on the DNA binding domain of the human retinoid-X-receptor (hRXRa). We chose this domain because of its small size, stable fold, and two closely juxtaposed recognition loops. We replaced the two loops with segments of random amino acids, and used mRNA display to isolate variants that specifically recognize adenosine triphosphate (ATP), demonstrating a significant alteration of the function of this protein domain from DNA binding to ATP recognition. Many novel independent sequences were recovered with moderate affinity and high specificity for ATP, validating this scaffold for the generation of functional molecules.
Introduction
In nature, certain protein frameworks, or scaffolds, have been used as starting points for the evolution of many different proteins with novel functions. For example, the immunoglobulin fold is used for molecular recognition of extremely diverse targets, while the (b/a) 8 barrel fold is shared by hundreds of functionally diverse enzymes [1, 2] . Scaffolded libraries have also proven to be a rich resource for the directed evolution of new functional molecules in the laboratory [3] [4] [5] [6] [7] [8] [9] [10] . Novel functional proteins have been recovered from both antibody-based libraries and from libraries based on a number of other protein scaffolds. Several factors are driving the search for alternatives to the antibody scaffold, including the complications associated with producing a multidomain multimeric protein with multiple intra-and interchain disulfide bonds. Single chain antibodies have been used as a scaffold for selections; however, producing large amounts of soluble single chain antibodies remains difficult [11] [12] [13] [14] . Simpler scaffolds may lead to recombinant proteins that are easier to produce than antibodies and may be better suited for certain functions, such as catalysis.
A number of different display methods have been employed in combination with new scaffolds to evolve interesting and useful new proteins [9, 11, [15] [16] [17] [18] [19] . Phage display has been the most popular method for selecting functional molecules from new scaffolds; the following are examples of successful experiments. The lipocalin fold was re-engineered into a scaffolded library by randomizing specific residues that line its ligand binding cavity; proteins that specifically bind to small-molecule targets have been recovered from this library [15, 20] . Libraries generated by randomizing specific surfaces of proteins, such as protein A, tendamistat, and cytochrome b562, have yielded variants with the ability to bind to large target surfaces on proteins, but have been less successful when the target was a small molecule [6, 7, 17] . In addition, phage display has been used to select for variants of Zif268, a natural zinc finger DNA binding protein that can bind to specific trinucleotide sequences in order to build up transcription factors by using a modular approach [21, 22] . The fibronectin type III domain has been used to select affinity reagents to several protein targets [23, 24] . An alternative method, ribosome display, was used to evolve functional ankyrin repeats that could recognize maltose binding protein [25] . Yeast display has been used to optimize the function of an MHC class II molecule. So far, the only scaffold used in conjunction with mRNA display has been the fibronectin type III domain which was used to find affinity reagents to TNF-a [18] .
We are interested in extending the discovery of new functional molecules from scaffolds by using mRNA display ( Figure 1A ) [26, 27] . The large library complexity attainable by this entirely in vitro method may allow the isolation of proteins with properties that are not easily accessible by other currently available methods. We synthesized a new scaffolded library based on the DNA binding domain of the retinoid-X-receptor (hRXRa, residues 132-208) because of the known structure, small size, and stable fold of this domain. hRXRa is a member of a highly conserved family of nuclear receptors that dimerize in response to ligand binding and induce gene expression [28] . The structure of the DNA binding domain has been solved by NMR by using a mutant version (C195A) with increased solubility [29] ; we used this version for library construction. The hydrophobic core of the RXR fold is separated from the loops by two zinc ions, each of which is coordinated by four cysteine residues ( Figure 1B ). In the native protein, the first zinc finger contains a loop that makes nonspecific contacts with the DNA backbone while positioning an a helix to interact with the major groove of DNA. DNA binding induces a rigid conformation in the second zinc finger loop, which acts as a protein-protein dimer interface [30] . The first zinc finger loop was replaced with twelve random amino acid positions, while nine random positions were substituted for the second zinc finger loop. The finished library has a length of 96 amino acids, with 21 randomized positions ( Figure 1C) . Here, we demonstrate that novel small molecule binding proteins can be recovered from the randomized RXR library, showing that it is possible to significantly alter the natural function of a protein domain by a straightforward directed-evolution approach.
Results and Discussion
We created the RXR library by using a previously published protocol for making high-complexity combinatorial protein libraries through preselection of the encoded DNA segments [31] . The library was made in two halves-segments A and B-consisting of residues from the wild-type (WT) hRXRa, but with randomized loop regions along with additional N-and C-terminal tag sequences. Each segment was created from two deoxyribo-oligonucleotides by mutual primer extension. Degenerate positions in the sequence were used to code for random amino acid positions within the loops. N-terminal FLAG and C-terminal His 6 purification tags on the protein products from each segment allowed us to use mRNA display to enrich for open reading frames that are free of deletions, insertions, and stop codons by requiring continuous in-frame translation from N to C terminus (Table 1) . Before preselection, only 39% of the sequences for segment A and 11% of segment B sequences were free of such imperfections; after preselection, 95% of segment A and 93% of segment B were error-free. Preselection increased the complexity of the final A-B combinatorial library by more than 20-fold by increasing the fraction of error-free full-length library molecules from w4% to 88%. Based on the number of fusions generated and recovered, we estimate that the segment A library has a complexity of 3 3 10 12 different molecules, while the segment B library contains 5 3 10 11 unique molecules. These segments were amplified, cut, and ligated to form the full-length library. The final complexity is estimated as 1.4 3 10 14 different molecules, based on the yield of DNA after ligation and assuming that each A-B combination is unique. We examined the utility of the RXR-library as a source of proteins capable of specifically recognizing small molecules by using ATP as a selection target. The RXR-library, expressed as mRNA-displayed proteins, was incubated with ATP-derivatized agarose beads, and specifically bound material was eluted with free ATP. For round 1 of the selection, approximately 2.3 3 10 13 RNA-protein fusion molecules, purified from a 10 ml translation reaction, were applied to an ATP affinity resin; 1 ml reactions were used in subsequent rounds. We monitored the amount of radioactively labeled protein retained on the column and specifically eluted in each round. In round 5, there was a significant increase in the amount of labeled protein specifically eluting with ATP ( Figure 2A ). By round 8 the binding and ATP-specific elution had increased to 32% of the total labeled input protein. Random clones from the postround 8 pool, and WT hRXRa, were translated in vitro as free proteins and tested for their ability to bind to ATPagarose ( Figure 2B ). All 20 selected clones, but not the WT protein, show strong ATP-agarose binding activity. We tested the ligand specificity of the selected pool by eluting the bound protein with different nucleotides. Neither cytidine triphosphate nor guanosine triphosphate (GTP) can elute the bound protein, indicating that the tested proteins specifically interact with ATP ( Figures  2C and 2D ). When these evolved proteins were fused to an unrelated protein, they could be purified from crude Escherichia coli cell lysates on the basis of ATP binding ( Figure 2E ).
The sequences of the clones discussed above are shown in Figure 3 , and the multiple alignment reveals clear sequence patterns. The first random loop of every sequence begins with XVXH, where X is any amino acid. The second random loop of every sequence with the exception of clone 19 begins with XXCXX(Ar)H, where Ar is an aromatic residue. We confirmed by sequencing that these positions were truly random in the unselected pool (see Figure S1) ; thus, the conservation of these positions in the evolved pool is the result of some selective advantage. Apart from these invariant positions, the random loop sequences appear to be quite diverse, and are therefore of independent origin in the starting pool. The mutations in the nonrandomized portion of the scaffold are most likely due to errors that occurred during RT-PCR amplification. The sequences in the loops do not show any significant homology to known nucleotide binding proteins when compared by a BLAST search of the National Center for Biotechnology Information protein sequence database, nor do they contain signature motifs known to interact with nucleotides, such as the glycine-rich elements commonly found in proteins that interact with phosphates in nucleotides [32] . The large fraction of unique sequences observed (20 distinct sequences from 38 clones; 15 sequences occurred only once) suggests that many more active sequences exist in the selected pool.
One possible explanation for the presence of the invariant residues within the selected loop sequences is that these sequences all bind ATP in a similar manner, ]methionine-labeled RNA-protein fusions that bound to ATP-agarose and specifically eluted with ATP was measured for each round of in vitro selection. For rounds 6 and 8 (yellow), the output of the previous round was directly applied to the ATP-agarose after removing free ATP by using a FLAG affinity column, without amplification. (B) Twenty clones from the eluted fraction of round 8 were translated in vitro as free proteins. These proteins were purified by using a-FLAG agarose and then bound to ATPagarose. The percentage of labeled protein that bound and specifically eluted is shown for each clone and the parental hRXRa. and the invariant residues are making conserved structural contributions to the binding site. The fixed aromatic position is of interest because a previously selected ATP binding protein was shown to use aromatic residues to make p-p stacking interactions with the purine base of the ATP molecule [33] . This type of interaction is commonly seen in many ATP binding proteins [34] . Alternatively, some of these residues may play a structural role in stabilizing the overall protein fold. It will be interesting to compare selections for different ligands by using this RXR library to see if the same fixed positions are observed again. We examine the role of the cysteine in the second motif later in this article.
We chose three clones, RXR 11, RXR117, and RXR122, for further biochemical characterization based on their binding properties as heterologously expressed proteins. RXR11 is a variant of sequence 11 from the post-round 8 pool that was isolated after several more rounds of selection under more stringent conditions, and RXR122 is a variant of sequence 6 (Figure 3 ). RXR117 and RXR122 were discovered from a subsequent screen of post-round 8 sequences (see Supplemental Data) for soluble proteins by using fusions to green fluorescent protein (GFP) in E. coli [35] . In order to obtain concentrated protein samples for biochemical and biophysical characterization, the evolved sequences were expressed and purified as fusions with maltose binding protein (MBP). Surprisingly, many of the clones that show significant binding when expressed by in vitro translation do not bind when tested as purified MBP-fusions. It is possible that the MBP interferes with the folding of the fused protein, or that these proteins cannot be expressed in native form in bacteria. However, RXR11, RXR117, and RXR122 all demonstrate strong binding to ATP-agarose as MBPfusions, whereas the WT hRXRa does not show any significant binding.
We characterized the molecular recognition of ATP in solution by MBP-fusion proteins of RXR11, RXR117, and RXR122 (Table 2 and Figure S2 ), by using spin-filtration competition experiments as described in the Experimental Procedures. All three fusion proteins have micromolar dissociation constants (K d s) for ATP, consistent with the minimum required affinity for binding to the ATP-agarose column during the selection procedure. RXR11 has the strongest affinity to ATP of the three clones, with a binding constant of 12 mM. RXR122 shows an affinity of 23 mM for ATP and RXR117 has a binding constant of 47 mM. Substitutions in the nucleobase have the most dramatic effect on binding, with no binding observed to GTP, and greatly reduced affinity for inosine triphosphate (ITP) and 2-chloro ATP. RXR117 is the most specific, with its K d being affected more than 100-fold for both the ITP and 2-chloro ATP analogs. RXR11 shows strong discrimination at the 2-position of at least 200-fold, but only a 20-fold difference at the 6-position (ITP), while RXR122 is the least specific, with a only a 20-fold discrimination at the 2-position and a 7-fold difference at the 6-position.
The three proteins bind similarly to 2 0 -or 3 0 -deoxy-ATP, with all three recognizing 3 0 -dATP better than 2 0 -dATP. It is possible that the lower affinity for 2 0 -dATP is due to the change in the ribose pucker rather than lost interactions with the 2 0 hydroxyl, since 2 0 -dATP tends to adopt a 2 0 endo conformation, while 3 0 -dATP is preferentially 3 0 endo [36] .
The three proteins display similar discrimination patterns with respect to the phosphates. None show strong discrimination between ATP and adenosine diphosphate (ADP), suggesting that the g-phosphate is not involved in any significant interactions. There is a gradual weakening of the binding affinity as the phosphates are removed in going from ADP to adenosine monophosphate (AMP) and then to adenosine.
RXR122 differs from the other two clones in that the binding of ATP is not Mg 2+ dependent, as shown by Figure S3A ). The fraction of protein that binds to and is recovered from an ATP-agarose resin decreases 2-fold for both RXR11 and RXR117 in the absence of Mg 2+ , but increases 2-fold for RXR122. These results and the analog affinities reveal that the three independent RXR clones differ in the details of how they recognize ATP. The clearest differences are in the discrimination of the purine ring, whereas more subtle differences are seen in the phosphate recognition patterns.
Given that the RXR-library is based on a two-zinc finger protein, we explored the role of zinc in forming functional ATP binding proteins by examining the sensitivity of binding to the presence of a metal chelator, ethylenediaminetetraacetic acid (EDTA), in amounts that would bind essentially all of the Zn 2+ ions but not the Mg 2+ ions. When 1 mM EDTA is added to in vitro translated protein during the binding incubation, no binding of either the pool or the individual cloned ATP binding proteins is detected. However, once a protein-ATP complex has formed, 1 mM EDTA does not disrupt the complex and elute the bound protein after a 1 hr incubation at 4ºC ( Figure S3B ). EDTA also inhibits the binding of E. coli-expressed MBP-RXR fusion proteins when added prior to binding ( Figure S3C ). Elemental analysis revealed that the MBP-fusion protein of the evolved ATP binding RXR clones and the WT hRXRa all contain similar amounts of zinc, while no zinc was detected in the control MBP (Table S1 ). These results are consistent with a continued requirement for zinc in ATP binding, as expected if the zinc fingers are still present in the evolved ATP binding proteins. The presence of a conserved cysteine in the second loop suggests a possible rearrangement of the cysteine ligands for the second zinc ion. The original hRXRa protein uses a noncanonical spacing CX 5 C, instead of the more common CXXC, to provide the first two cysteine ligands of the second zinc finger. This unusual structure has been preserved in other glucocorticoid family members, and the extra amino acids between the cysteines (called the D-box) are involved in creating a dimer interface with other DNA binding domains in certain conformations [37] . We tested the possibility that the invariant cysteine in the second randomized loop reconstitutes a canonical CXXC spacing of cysteine ligands for zinc coordination in the second zinc finger, since the selection did not require dimerization ( Figure 4A) .
In order to examine the roles of both the original cysteine and the new conserved cysteine in the random region, we made a series of site-directed mutations in each of the three characterized MBP-RXR fusions. The original cysteine C42 (corresponding to C171 in hRXRa) provides the first ligand in the coordination of the Zn 2+ of the second zinc finger. However, mutating C42 to serine has no detrimental effect on ATP binding in any of the three ATP binding proteins ( Figure 4B ). In contrast, mutating the second cysteine (C51S, from the random region in the second loop) to serine completely abolishes ATP binding in all three evolved proteins ( Figure 4B ). These results are consistent with the hypothesis that C51 substitutes for C42 as one of the ligands for zinc coordination, such that the loss of binding that we observe is due to the loss of structure. We cannot rule out the possibility that C51 makes direct contact with the ATP and that the serine is insufficient as a substitute. However even if this were the case, the second zinc finger would have to be substantially rearranged, given that C42 is not essential for the proper function of the evolved RXR ATP binding proteins.
We compared the biophysical properties of free (i.e., non-MBP-fused) ATP binding proteins expressed in E. coli to those of the WT hRXRa DNA binding domain in order to determine whether the evolved proteins retained the structural features of the parent molecule on which they were based. The unfused proteins precipitate over time in selection buffer in the absence of ATP, whereas hRXRa remains soluble. The addition of 5 mM ATP slows this precipitation, presumably by stabilizing the folded state of the proteins, or at least the recognition loops. If these loops are unstructured in the absence of ATP, intermolecular interactions between exposed loop residues may lead to aggregation. Gel filtration analysis of the dissolved protein demonstrates that the majority of the free protein elutes as a 10 kDa monomer for the evolved RXR clones (Figure 5A ), but some higher molecular weight peaks of aggregated material are also observed, particularly for RXR117. If the second zinc finger is indeed rearranged, this may also contribute to the tendency of the evolved proteins to aggregate. The new proposed configuration extends the linker region between the two zinc fingers by an additional six amino acids in the evolved RXR proteins ( Figure 4A ). This region also contains a free unbound cysteine residue that could be involved in intermolecular disulfide bond formation.
We used circular dichroism (CD) spectroscopy to compare the secondary structure of the evolved proteins and the WT hRXRa protein. Despite rearrangements in the zinc coordination, it appears that the a-helical properties of the proteins are preserved (Figure 5B) . Unfortunately, we were unable to measure the thermal stabilities of the evolved RXR proteins, since they denature irreversibly at elevated temperatures.
When we compare the results of our current selection for ATP binding proteins with a previous selection experiment in which ATP binding proteins were selected from a completely random library [38] , there are some notable differences. Selection from the scaffolded library resulted in approximately 32% of input protein binding to the ATP-agarose after 8 rounds of selection, while selection from the initially random library reached a plateau at only 6% after 9 rounds of selection. Only after mutagenesis and an additional 9 rounds of selection did the column binding reach 30%-40%. In addition, selected sequences from the RXR library are soluble enough to perform some biophysical characterization, whereas no soluble protein could be obtained from unoptimized proteins derived from the random library. These results suggest that proteins selected from the RXR library tend to fold more consistently than the initial proteins derived from the random library, as expected from the stable fold of the RXR domain. We have also found that there are many more independent binding clones in the output of the RXR selection (>> 20) than were obtained from the random sequence library (w4), suggesting that the RXR-scaffolded library has a higher frequency of active sequences than the random library. An experiment in which both libraries are mixed in equal proportions and subjected to selection under the same conditions, without replication bias, would be required to test the theory that scaffolds present a clear advantage over completely random libraries. In addition, considerable structural characterization will be required to assess the structural diversity of the solutions obtained from these distinct libraries.
Significance
The rapid evolution of new functional molecules in the laboratory is a promising approach to the creation of new binding surfaces and enzymes. The use of alternative scaffolds may enhance the range of activities that can be discovered by using directed evolution. In this report, we describe the design and use of a novel scaffold based on the zinc finger DNA binding domain, hRXRa. The library was generated by randomizing two loop sequences, which were then assembled in a combinatorial manner. The use of mRNA display allowed us to sample a much greater number of sequence combinations than can be sampled by using other methods of directed evolution. We have used directed evolution to alter the natural function of a protein domain. We were able to select functional molecules from this library with moderate affinity and high specificity for ATP. As with previous selections from both RNA and protein libraries, the greatest discrimination between ATP and analogs occurs with substitutions in the nucleobase, while changes in the sugar and triphosphate have smaller effects. There may be more protein-ligand contacts with the nucleobase, possibly reflecting the conformational rigidity of the nucleobase as opposed to the more flexible sugar and triphosphate moieties. Our study has uncovered unexpected structural changes in the RXR scaffold that were strongly selected for during the selection for ATP binding; mutational analysis suggests that there has been a rearrangement of the cysteine ligands for the second zinc finger. This change may improve the stability of the selected clones. If so, it is possible that an improved RXR-scaffold library, built with this modification, would have an increased effective diversity of functional molecules. Selections for RXR variants that can recognize proteins, peptides, and DNA, as well as enzymatic selections, are underway in order to further explore the potential of this scaffold.
Experimental Procedures

ATP Binding Selection
Preparation of RNA for mRNA display and RNA-protein fusion formation were as previously described [26, 27, 31, 39] . In round 1, a splinted ligation method was used for the generation of puromycin-modified RNAs, while for round 2 and every other round, a psoralen crosslinking strategy was used [40] . For round 1, fusions from a 10 ml translation reaction were purified on oligo(dT) cellulose (New England Biolabs) and then on M2 a-FLAG agarose (Sigma) [31] . The purified fusions were transferred to reverse transcription buffer by using a NAP-10 gel filtration column (Amersham Pharmacia) and subsequently reverse-transcribed with Superscript II (Invitrogen). Fusions were then exchanged into selection buffer (50 mM TrisHCl, 250 mM KCl, 5 mM MgCl 2 , 75 uM ZnCl 2 , 1 mM DTT, 0.1% Triton X-100, pH 7.4). Fusions were incubated with C-8-linked ATP agarose (Sigma) for 1 hr at 4ºC. The column was drained and washed with selection buffer five times with two column volumes each after five minute incubations. The column was then eluted five times with two column volumes of elution buffer (selection buffer + 5 mM ATP + 5 mM MgCl 2 ). The elution fractions were pooled and exchanged into H 2 O by using a NAP column before amplification.
Column Binding Experiments
In vitro translated protein labeled with [ 35 S]methionine was purified on M2 a-FLAG agarose. A total of 50 ml of the labeled protein was incubated with 450 ul of selection buffer and 100 ml of ATP-agarose for 1 hr. The resin was washed five times with 2 column volumes of selection buffer and then eluted five times with 2 column volumes with selection buffer supplemented with 5 mM ATP and 5 mM MgCl 2 . The amount of protein in each fraction was determined by radioactive detection.
The same protocol was followed for MBP-RXR proteins expressed in E. coli, except that a different buffer was used (13 RSB + 5 mM MgCl 2 : 50 mM Tris-HCl, 250 mM KCl, 100 mM ZnCl 2 , 5 mM 2-mercaptoethanol [pH 8.3]). The resin was washed with 10 column volumes and eluted with 13 RSB supplemented with 5 mM ATP and 5 mM MgCl 2 . Protein was quantified by mixing an aliquot of each fraction with protein assay reagent (BioRad) and reading absorbance at 595 nm.
Competition Assays
Approximately 20 mM of refolded MBP-fusion protein was incubated with 0.4 nM 32 P a-ATP and varying amounts of unlabeled ligand in 13 RSB. For RXR11 and RXR117, an additional 5 mM MgCl 2 was added, while MgCl 2 was completely omitted for the measurements with RXR122. After incubating for 2 hr at 4ºC, the mixture was spun in a Microcon-30 spin concentrator unit (Amicon) [41] . Aliquots from the top and the bottom chambers were counted in a Beckman LS 6500 scintillation counter or Packard Top Count NXT in order to determine the percentage of ATP bound in the presence of different concentrations of competitor. The K d for each inhibitor was determined by the following equation [42] [43] [44] :
% bound = 1 À 1 + K dp = À ½P t f 2 ½P I ÁÁ
where [P] t = total protein concentration, [I] t = total inhibitor concentration in each incubation, f = fraction of active binding sites, K di = dissociation constant of the inhibitor protein complex, and K dp = dissociation constant of the protein to the labeled probe. We fitted the data from the binding titrations to this equation by nonlinear regression with Deltagraph 4.0 and found values to K dp , K di , and f for each of the MBP-RXR clones for ATP and its analogs.
Gel Filtration
A Sephadex-75 column (Amersham Pharmacia) was equilibrated with 13 RSB. Free (non-MBP-fused) proteins were exchanged into 13 RSB by using a NAP column and concentrated with a Biomax concentrator (Millipore). A total of 100 ml of protein was injected, and the column was run for 40 min at 0.5 ml/min using a Biocad FPLC (Perceptive Biosystems).
Circular Dichroism
Free RXR protein was exchanged into CD buffer (10 mM Tris-HCl, 250 mM KCl, 100 mM ZnCl 2 , 5 mM MgCl 2 , 5 mM 2-mercaptoethanol [pH 8.3] ). CD readings were measured on an Aviv Circular Dichroism Spectrometer Model 202. Wavelength scans were performed with a 0.1 cm cell length and 1 nm bandwidth in 1-2 nm increments with an averaging time of 4 s.
Supplemental Data
Supplemental Data, including library construction, deoxy-oligonucleotide sequences, cloning, protein expression, purification, refolding, column binding experiments, GFP solubility screen, elemental analysis, and three supplemental figures, are available at http:// www.chembiol.com/cgi/content/full/13/2/139/DC1/.
